Huntington disease is caused by mutational expansion of the CAG trinucleotide within exon 1 of the huntingtin (Htt) gene. Exon 1 spanning N-terminal fragments (NTFs) of the Htt protein result from aberrant splicing of transcripts of mutant Htt. NTFs typically encompass a polyglutamine tract flanked by an N-terminal 17-residue amphipathic stretch (N17) and a C-terminal 38-residue proline-rich stretch (C38). We present results from in vitro biophysical studies that quantify the driving forces for and mechanisms of polyglutamine aggregation as modulated by N17 and C38. Although N17 is highly soluble by itself, it lowers the saturation concentration of soluble NTFs and increases the driving force, vis-à-vis homopolymeric polyglutamine, for forming insoluble aggregates. Kinetically, N17 accelerates fibril formation and destabilizes nonfibrillar intermediates. C38 is also highly soluble by itself, and it lends its high intrinsic solubility to lower the driving force for forming insoluble aggregates by increasing the saturation concentration of soluble NTFs. In NTFs with both modules, N17 and C38 act synergistically to destabilize nonfibrillar intermediates (N17 effect) and lower the driving force for forming insoluble aggregates (C38 effect). Morphological studies show that N17 and C38 promote the formation of ordered fibrils by NTFs. Homopolymeric polyglutamine forms a mixture of amorphous aggregates and fibrils, and its aggregation mechanisms involve early formation of heterogeneous distributions of nonfibrillar species. We propose that N17 and C38 act as gatekeepers that control the intrinsic heterogeneities of polyglutamine aggregation. This provides a biophysical explanation for the modulation of in vivo NTF toxicities by N17 and C38. (2). The Htt gene with expanded CAG tracts can undergo erroneous splicing, and the resultant aberrant messenger RNA is translated into a mutant exon 1 version of Htt that is similar to toxic NTFs found in neuronal intranuclear inclusions (3). Exon 1 spanning NTFs typically include a polyglutamine tract that is flanked on its N terminus by an amphipathic 17-residue stretch (MATLEKLMKAFESLKSF) denoted as N17 and by a 38-residue proline-rich stretch on its C terminus (P 11 -QLPQPPPQAQPLLPQPQ-P 10 ) denoted as C38. The N17 sequence is conserved among higher mammals (SI Appendix, Fig. S1 ), and mutations within N17 impact the properties of NTFs (4, 5). N17 enhances the overall rate of aggregation, as measured by the rate of forming large insoluble species both in vitro (6) and in yeast (7). The C-terminal proline-rich region of exon 1 modulates polyglutamine aggregation and reduces the cellular toxicity of Htt exon 1 even when the polyglutamine tract is significantly expanded (8, 9).
H untington disease (HD) is caused by mutational expansion of the CAG trinucleotide within exon 1 of the huntingtin (Htt) gene (1) . Mutations are translated as polyglutamine expansions within the Htt protein. Neuronal intranuclear inclusions are the pathological hallmarks of HD, and N-terminal fragments (NTFs) spanning exon 1 of the Htt protein are the main constituents of these inclusions (2) . The Htt gene with expanded CAG tracts can undergo erroneous splicing, and the resultant aberrant messenger RNA is translated into a mutant exon 1 version of Htt that is similar to toxic NTFs found in neuronal intranuclear inclusions (3) . Exon 1 spanning NTFs typically include a polyglutamine tract that is flanked on its N terminus by an amphipathic 17-residue stretch (MATLEKLMKAFESLKSF) denoted as N17 and by a 38-residue proline-rich stretch on its C terminus (P 11 -QLPQPPPQAQPLLPQPQ-P 10 ) denoted as C38. The N17 sequence is conserved among higher mammals (SI Appendix, Fig. S1 ), and mutations within N17 impact the properties of NTFs (4, 5) . N17 enhances the overall rate of aggregation, as measured by the rate of forming large insoluble species both in vitro (6) and in yeast (7) . The C-terminal proline-rich region of exon 1 modulates polyglutamine aggregation and reduces the cellular toxicity of Htt exon 1 even when the polyglutamine tract is significantly expanded (8, 9) .
A molecular-level understanding of the synergy between the length of polyglutamine tracts and its flanking sequences is essential for inferring the roles of N17 and C38 in vivo. This requires a quantitative understanding of the driving forces, mechanisms, and morphologies for homopolymeric polyglutamine and their modulation by N17 and C38. Here, we report results from in vitro studies that use solubility measurements to quantify driving forces, kinetic assays to investigate aggregation mechanisms, and electron microscopy (EM) to study aggregate morphologies.
Results
Saturation Concentrations. Aqueous milieus are poor solvents for polyglutamine (10) . In poor solvents, there exists a threshold concentration for polymers, c = c s , known as the saturation concentration (11) . For concentrations that exceed c s the polymer plus solvent system separates into insoluble and soluble phases. At c = c s the chemical potentials of soluble and insoluble phases are equal providing the system is in thermodynamic equilibrium. The lower the value of c s , the stronger the driving force for aggregation and phase separation. Aggregation is a generic term that refers to intermolecular associations that give rise to species as small as dimers or aggregates that are large enough to be sedimentable. Conversely, phase separation refers to the phenomenon that leads to two distinct phases of distinct polymer densities. We used a micro-Bicinchoninic Acid (BCA) assay (12) to estimate c s as a function of temperature for 10 different
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How do N-and C-terminal flanking sequences from exon 1 of the huntingtin protein modulate the mechanisms of polyglutamine aggregation? We answer this question using approaches that combine distinct probes of aggregation mechanisms with measurements of solubility and aggregate morphologies. The N-and C-terminal flanking sequence modules from exon 1 of huntingtin act as gatekeepers, whereby the N-terminal flanking sequence accelerates fibril formation while destabilizing nonfibrillar species, whereas the C-terminal flanking sequence reduces the overall driving force for aggregation. These results provide a mechanistic underpinning for observations regarding naturally occurring sequence contexts as modulators of polyglutamine toxicity.
peptides. The sequence constructs for these c s measurements were (Gln) n -(Lys) 2 , (Lys) 2 -(Gln) n -(Lys) 2 , N17-(Gln) n -(Lys) 2 , (Gln) n -C38, and N17-(Gln) n -C38, and these are abbreviated as Q n -K2, K2-Q n -K2, N17-Q n -K2, Q n -C38, and N17-Q n -C38, respectively. In each of the constructs, the polyglutamine tract is either 30 or 40 residues long; i.e., n = 30 or 40. The choice of n brackets the mean threshold length that is relevant to the age-ofonset of HD. Each peptide was disaggregated using established protocols (13) , and different concentrations of the peptide were quiescently incubated at a specified temperature in 50 mM phosphate buffer at pH 7 for a period of 2 wk. The material was then centrifuged to separate it into a supernatant and pellet, and the concentration in the supernatant was measured to estimate the c s for the peptide in question at the specified temperature. Using this method we can demonstrate that c s is a thermally reversible quantity as shown in SI Appendix, Fig. S2 . Additionally, akin to brain-derived insoluble inclusions of Htt NTFs, the pellets stain positively with the fluorescent dye thioflavin T (ThT) (SI Appendix, Fig. S3 ). The poor solubility of polyglutamine requires the use of lysine residues to facilitate in vitro measurements of synthetic peptides (13) . Data for K2-Qn-K2 are shown in the SI Appendix, Fig. S4 , and they help quantify the effect of adding two additional lysine residues on c s values. Clearly, it is important to reduce the number of charged residues in synthetic constructs to ensure that their influence on the driving forces for aggregation is minimized (14, 15) . Therefore, we selected Q n -K2 as the preferred mimic of homopolymeric polyglutamine. Fig. 1 shows the measured c s values for Q n -K2, N17-Q n -K2, Q n -C38, and N17-Q n -C38 at 30°C and 40°C. There is a fourfold reduction in c s for Q 40 -K2 versus Q 30 -K2 demonstrating that the magnitude of the driving force for forming insoluble aggregates increases with polyglutamine length. Fig. 1 also shows the c s values for N17-Q n -K2 and Q n -C38. The c s value for N17-Q 40 -K2 is in the submicromolar range for T ≤ 40°C. At 40°C the c s value for N17-Q 30 -K2 is fourfold smaller than that of Q 30 -K2. Clearly, N17 lowers the c s of polyglutamine-containing peptides. In contrast, we obtain a systematic increase in c s for Q n -C38 compared with the c s values for Q n -K2. The intrinsic solubilities of the N17 and C38 modules are in the millimolar range. Hence, the coupling between N17 and polyglutamine lowers the overall solubility to be below that of the individual modules, whereas C38 acts as a solubilizing module by increasing the c s of Q n -C38 vis-à-vis Q n -K2. Fig. 1 also shows measured c s values of N17-Q n -C38 peptides, which mimic exon 1 spanning NTFs. This construct combines the c s lowering effect of N17 and the c s elevating effect of C38. The c s values for N17-Q n -C38 increase relative to Q n -K2, implying a stronger contribution from the solubilizing effects of C38 compared with the c s diminishing effects of N17. Finally, in all of the constructs, c s decreases with increased polyglutamine length and increases with increased temperature (SI Appendix, Fig. S5 ).
We have assumed that thermodynamic equilibrium between soluble and insoluble phases can be established within a 2-wk incubation period. The following criteria justify this assumption. First, we test for reliability by assessing if similar values of c s are reproduced when we incubate different amounts of starting material. Second, in all cases, visual inspection showed the development of precipitate well within the 2-wk incubation period. Third, all kinetics measurements (see below) show a plateauing of signals on time scales that are roughly an order of magnitude faster than the 2-wk incubation period.
Supersaturation. We measured the kinetics of aggregation of different constructs using two different assays. Our goal was to compare the mechanisms of aggregation for polyglutamine constructs with and without the N17 and C38 modules. These studies require that kinetics experiments be performed under conditions where the magnitudes of driving forces for aggregation are equivalent for all constructs. The concept of supersaturation is useful in this regard, and the measured values of c s can be used to define the degree of supersaturation, S. We used two peptides, Q 30 -K 2 K*G and N17-Q 30 -K 2 K*G, to monitor the rate of loss of monomers into growing aggregates. Here, G denotes glycine and K* denotes a lysine residue that was modified by covalent attachment of tetramethyl rhodamine (TMR) through the amine. We assume that saturation concentrations for Q 30 -K 2 K*G and N17-Q 30 -K 2 K*G do not deviate appreciably from those of the unlabeled molecules. This is reasonable because the free energy of TMR dimerization is ∼2.8 kJ /mol (17) , which is minimal compared with the strong interactions between polyglutamine molecules that give rise to low c s values (SI Appendix, Fig. S6) .
A pair of TMR molecules can stack to form fluorescently dark dimers. The percent probability of TMR forming a dimer is governed by the local concentration of other TMR molecules, which in micromolar aqueous solutions of TMR molecules will be less than 1% based on the known dissociation constant. However, if aggregation prone molecules, each with a single TMR label, were to form aggregates, then the probability of making TMR dimers increases because of the increased local concentration of TMR molecules that results from aggregation. Garai and Frieden (18) developed an assay that uses the loss of TMR fluorescence of labeled molecules to monitor aggregation, thus obviating the requirement that aggregates have to be species that are capable of binding ThT. This method affords higher temporal resolution of the aggregation process, especially with regard to the kinetic details of the early stages. Loss of fluorescence requires TMR dimerization either on the surface or within the interior of aggregates. Our computational analysis indicates that aggregates with approximately 20 Q 30 -K 2 K*G molecules will be 65% as bright as an individual molecule (SI Appendix, Fig. S7 ).
All measurements of the rate of change of TMR fluorescence were initiated after disaggregation by dissolution of the peptides in 100% formic acid. These peptides were then diluted into water at twice the target concentration followed by further dilution to pH 7 in a 50-mM phosphate buffer. The measurements of TMR fluorescence were performed at 37°C under continuous stirring. The disaggregation protocol had to be redesigned vis-à-vis the standard protocol (13) , established for use with K2-Q n -K2 peptides; the details are discussed in SI Appendix, section 2. SI Appendix, Fig. S8 shows the normalized TMR fluorescence for Q 30 -K 2 K*G measured as a function of time at 37°C for three different supersaturation values that range from S ∼ 0.1 to S ∼ 0.8. SI Appendix, Fig. S9 shows data for the rate of loss of TMR fluorescence for the N17-Q 30 -K 2 K*G peptide at four different supersaturation values ranging from S ∼ 0.8 to S ∼ 2.2. The kinetic traces for the loss of TMR fluorescence of polyglutamine peptides show the absence of a lag phase, and the profiles are rather distinct from those for amyloid beta peptides that were studied using a similar approach (18) . shows the expected profile for the rate of growth of aggregates that is obtained by computing the complement of the normalized profile for the loss of TMR fluorescence. This computed curve essentially coincides with the profile for the gain in ThT fluorescence profile, thereby implying that the loss of TMR fluorescence results almost entirely from fibril formation. In direct contrast, the loss in TMR fluorescence for Q 30 -K2K*G reaches a plateau value before there is discernible increase in ThT fluorescence (Fig. 2B ). This implies a separation of time scales between two processes, namely, preequilibration of nonfibrillar species before their conversion into fibrillar aggregates. The time scales for the two processes, quantified as the times for the extents of distinct reactions to reach 50% completion, differ by at least an order of magnitude for Q 30 -K 2 K*G.
To measure the rate of loss of TMR fluorescence for Q 30 -C38 and N17-Q 30 -C38 peptides at equivalent supersaturation values we would need TMR-labeled material at concentrations where inner filter effect confounds the interpretations of TMR fluorescence measurements (19) . In addition, if we followed the protocol used for N17-Q n -K2K*G and Q n -K2K*G by labeling the C-terminal end, then we would be probing the likelihood of associations between the C38 modules as opposed to just the polyglutamine-mediated associations. We need detailed simulations to help guide the optimal placement of the TMR labels in constructs with the C38 module. These simulations are feasible with improvements to forcefields that describe proline-rich sequences and will be pursued in future work. Here, we focus on comparing the kinetics of changes in ThT fluorescence for all four constructs at equivalent supersaturation values. Fig. 3 presents our comparative analysis of data obtained for the extents of reaction derived from ThT fluorescence measurements as a function of time at 37°C for the peptides, Q 30 -K2, N17-Q 30 -K2, Q 30 -C38, and N17-Q 30 -C38, respectively; S ∼ 0.7-0.8 for all peptides. Although C38 lowers the c s value and hence decreases the magnitude of the driving force for aggregation, at equivalent supersaturation values the kinetic profile for the change in ThT fluorescence for N17-Q 30 -C38 is essentially identical to that of N17-Q 30 -K2. This suggests that even in the presence of the solubilizing C38 module the mechanism of aggregation is controlled by N17, which accelerates fibril formation while destabilizing nonfibrillar intermediates. In contrast, the increase in ThT fluorescence for Q 30 -C38 shows a significant lag phase, which is also present for Q 30 -K2.
Impact of Flanking Sequences on Morphologies. We asked if the observed differences in aggregation kinetics at equivalent supersaturation values lead to differences in the morphologies of aggregates. Fig. 4 shows the morphologies obtained using EM following long-time incubations of Q 30 -K2, N17-Q 30 -K2, Q 30 -C38, and N17-Q 30 -C38. All data were collected following aggregation in supersaturated solutions, with S ∼ 0.8. Additional assessments of morphologies were obtained by imaging the end products of species obtained from TMR assays for Q 30 -K2K*G and N17-Q 30 -K2K*G (SI Appendix, Fig. S10 ).
Q 30 -K2 forms a dense mesh of aggregates with truncated fibrils (Fig. 4) . The rapid formation of nonfibrillar species by Q 30 -K2 appears to contribute to the disordered morphologies of higherorder aggregates. In contrast, the representative images in Fig. 4 show that N17-Q 30 -K2, Q 30 -C38, and N17-Q 30 -C38 form ordered fibrils with minimal nonspecific associations. Comparison of the morphologies for N17-Q 30 -K2 and Q 30 -C38 at equivalent magnifications suggests that these modules get differently incorporated into the fibrils leading to differences in morphologies. These differences are consistent with published studies, which suggest that C38 contributes to the formation of bottlebrush architectures (20) .
Aggregates Form in Subsaturated Solutions. The homogeneous nucleation model (16) has been used as a conceptual framework for explaining the kinetics of polyglutamine aggregation (21) . In this model, an obligatory nucleus representing an embryo of the new aggregated/insoluble phase has to form within the homogeneously mixed, soluble phase. The free energy of nucleation depends on the supersaturation value and the free-energy penalty associated with creating an interface between the new and old phases (16) . Supersaturation is a prerequisite for a nucleated process. It therefore follows that monomers have to be the predominant species in subsaturated solutions either because aggregates never form or because they are only marginally stable. To assess the applicability of homogeneous nucleation theory, we quantified the kinetics of the loss of TMR fluorescence in subsaturated solutions. Fig. 5 shows the results of these measurements for Q 30 -K2K*G, N17-Q 30 -K2K*G, and Q 30 -C38K*G. The data in Fig. 5 highlight the presence of stable aggregates that form without a lag phase on time scales that are comparable to those seen in supersaturated solutions. Fig. 6 shows a representative EM image of visible, nonfibrillar aggregates formed by Q 30 -K2K*G in subsaturated solutions. These aggregates are spherical and are roughly 10 nm in size. Increased concentration of such aggregates leads to the increased loss of TMR fluorescence that we observe for Q 30 -K2K*G as the solutions become less subsaturated, i.e., as S becomes less negative (Fig. 5) . Taken together, the data in Figs. 5 and 6 provide evidence against the applicability of homogeneous nucleation for describing the aggregation of polyglutamine constructs. Instead the data point to a heterogeneous process that involves nonfibrillar species whose stabilities vary depending on the presence or absence of flanking sequences. Fig. 5 points to the existence of multiple phases in solution including one that should give rise to a distinct saturation concentration for soluble aggregates. These could either be liquidlike oligomers that arise from liquid-liquid demixing (22) or micellar structures that arise due to the possible existence of a critical micelle concentration. We used the plateau values for the TMR fluorescence in subsaturated solutions to estimate saturation concentrations for oligomers of Q 30 -K2K*G, N17-Q 30 -K2K*G, and Q 30 -C38K*G, respectively (SI Appendix, section 2). We denote the oligomer saturation concentration as c c . It is appropriate to use the C-terminally labeled Q 30 -C38K*G peptide to estimate c c from the plateau value of the TMR fluorescence. This value should be indicative of molecules that remain unincorporated into aggregates, irrespective of where the TMR label is situated within the construct.
The values we obtain for c c at 37°C in 50 mM phosphate buffers at pH 7 are 250 nM, 165 nM, and 3 μM for Q 30 -K2K*G, N17-Q 30 -K2K*G, and Q 30 -C38K*G, respectively. Clearly, the oligomer saturation concentration is distinct from and lower than c s . The ratio c s c c quantifies the gap between c c and c s . For T ∼ 37°C this ratio is 18.4, 6.5, and 8.3 for Q 30 -K2, N17-Q 30 -K2, and Q 30 -C38, respectively. Discussion Fig. 7 shows schematic representations of our proposals for the aggregation mechanisms of homopolymeric polyglutamine and the modulation of these mechanisms by N17 and C38. The scheme shown in Fig. 7A is in accord with the data presented here for Q 30 -K2 and Q 30 -K2K*G and a recent two-stage nucleation model for polyglutamine aggregation (23) . This model postulates the existence of heterogeneous distributions of oligomers that arise due to liquid-liquid demixing of intrinsically disordered polyglutamine. For homopolymers in poor solvents, intermolecular interfaces are favored over chain-solvent interfaces. Accordingly, disordered globules associate in a thermodynamically downhill fashion to form a heterogeneous distribution of liquid-like oligomers (23) . The model assumes a slow conversion of oligomers into fibrillar species, providing c o > c s . A finite concentration of suitably large oligomers is required to support a nucleated conformational conversion to generate a template for fibril elongation (24, 25) . In the model, the size of the smallest fibril-competent oligomer is denoted as i min . The data presented here for Q 30 -K2 and Q 30 -K2K*G provide direct evidence in support of equilibrium distributions of oligomers that form in sub-and supersaturated solutions. This step precedes fibril formation in supersaturated solutions, and Fig. 7A proposes that flux into fibrils is decreased due to the collection of nonfibrillar species that form in the absence of flanking sequences. The model (23) also showed that if i min is decreased, which implies destabilization of oligomers that cannot convert to fibrils, then fibril formation is accelerated. In such a scenario, if aggregation is modeled as homogeneous nucleation, then the apparent nucleus size can become less than or equal to zero (23) as was shown by Thakur et al. (6) who applied a variant of homogeneous nucleation to model the kinetics of the loss of soluble species for N17-Q n -K2 peptides.
The schematic in Fig. 7B summarizes the effects of N17 and C38 on the aggregation of Htt NTFs. We propose that N17 and C38 act as gatekeepers to destabilize nonfibrillar intermediates thus ensuring that the fluxes are distributed across fewer routes. This schematic is consistent with data presented here and with results from atomistic simulations (15) which show that N17 destabilizes nonspecific associations vis-à-vis homopolymeric polyglutamine. In vitro (6) and cellular measurements (7) showed 100 nm denote monomers, soluble oligomers, insoluble nonfibrillar aggregates, soluble fibrils, and insoluble fibrils, respectively. The boxed regions delineate insoluble aggregates. Small arrows within the boxed regions depict equilibria between insoluble and soluble species as well as equilibria between different forms of insoluble species. The proposal is that i min , i.e., the size of smallest oligomer that can convert to fibrils, is considerably larger for Q n -K2 than for polyglutamine constructs with the N17 and C38 flanking sequences. In B, the decrease in i min is depicted as a decrease in the stability of M S C . Glutamine, hydrophobic residues, positive and negatively charged residues, and proline are denoted using spheres that are orange, yellow, blue, red, and purple, respectively (B).
that N17 accelerates fibril formation. This was taken to mean that the "aggregation propensity" of homopolymeric polyglutamine is considerably weaker than that of NTF constructs containing both polyglutamine and N17. The data presented here provide a more nuanced explanation that connects the simulation results to previous experimental observations. Fibrils form slowly and inefficiently for homopolymeric polyglutamine because the gap between c c and c s is largest for these constructs. This gap gives rise to kinetic competition with and thermodynamic destabilization of ordered fibrillar aggregates and increases the overall heterogeneity due to the increased thermodynamic and kinetic stability of nonfibrillar species as sketched in Fig. 7A  (26) . The use of two separate assays that are designed to probe distinct features of the kinetics of aggregation combined with solubility and morphological measurements lead to a more complete picture of the heterogeneities inherent to polyglutamine aggregation and the modulation of these heterogeneities by N17 and C38. The data presented here reconcile results from theory (23), simulations (15) , in vitro (6) , and in-cell experiments (7) . Both N17 and C38 contribute to narrowing the gap between c c and c s thereby destabilizing nonfibrillar intermediates. C38 contributes to increasing c s thus weakening the overall driving force for aggregation whereas N17 accelerates fibril formation and stabilizes these species while destabilizing nonfibrillar species.
The aggregation mechanisms for polyglutamine-containing peptides are distinct from mechanisms reported for the amyloid beta (Aβ) system (18) . For Aβ peptides, it has been argued that aggregation can be modeled using a quasi-homogeneous nucleation model (11) if c o > c s and c o < c c (27) . Our results show that the combination of c o > c s and c o < c c cannot be achieved for polyglutamine-containing systems. Even in the presence of flanking sequences the ratio c s c c remains greater than 1. As a result, in supersaturated solutions, the mechanisms are likely to always involve heterogeneities such as nonfibrillar oligomers (23, 25) that form before or concomitantly with fibrils. It is possible that de novo sequence design can be used to generate sequence variants of Aβ for which c c < c s , as is the case with polyglutaminecontaining systems.
Implications for Htt NTFs in Vivo. We propose that N17 and C38 act as natural gatekeepers to minimize the deleterious effects of heterogeneities that are intrinsic to polyglutamine aggregation. Time-resolved microscopy data from neurons show that diffuse aggregates and smaller species of mutant Htt directly correlate with neuronal death, whereas the formation of large insoluble inclusions diminishes the levels of diffuse, heterogeneous aggregates and the risk of striatal neuron death (28) . It is conceivable that variations in NTFs that result from aberrant splicing of exon 1 or proteolytic processing of mutant Htt (29) contribute to variations in the relative levels of small diffuse aggregates versus large insoluble inclusions, leading to the observed cell-to-cell variations in phenotype (28) .
Materials and Methods
Peptides were purchased in crude form from Yale University's Keck Biotechnology center. In addition to the unlabeled peptides used for c s and ThT measurements, the labeled peptides were synthesized with the red TMR dye attached through the lysine amine. SI Appendix, section 2, provides all of the details of the preparation and handling of each peptide system. In addition, this section also details the protocols used for measuring c s values, TMR and ThT fluorescence, and imaging of aggregates using EM.
